Introduction
[2] In the tropical Pacific, unstable interactions between sea surface temperature (SST) and the atmosphere generate interannual (2 -7 year) El Niñ o/Southern Oscillation (ENSO) climate anomalies with a characteristic spatial pattern. The Pacific also exhibits variability on decadal (8 -14 year) [White et al., 2003; Tourre and White, 2006] to multidecadal (20 -40 year) [Mantua et al., 1997; Garreaud and Battisti, 1999; Zhang et al., 1997] timescales with a similar pattern. Further evidence of decadal variability in the tropical Pacific appears in proxy climate data [Urban et al., 2000; Cobb et al., 2001; Holland et al., 2007] .
[3] Previous work has proposed diverse physical mechanisms to explain low-frequency variability (see reviews by Latif [1998] and Mestas-Nuñez and Miller [2006] ). These mechanisms include: physical transport of mid-latitude SST anomalies into the equatorial eastern Pacific [e.g., Gu and Philander, 1997; Luo and Yamagata, 2001] ; wind-driven oceanic Rossby waves that reflect into the thermocline at the western boundary [White et al., 2003] ; and autocorrelation arising from oceanic processes driven partly by ENSO variability [e.g., Newman et al., 2003; Power and Colman, 2006] .
[4] Observational studies of Pacific decadal variability are complicated by the brevity of the instrumental record, which is sparse before the mid-20th century [Kaplan et al., 1998; Mestas-Nuñez and Miller, 2006] (Figure 1b) , and by the potential for recent anthropogenic influence. To understand decadal variability more fully, we must turn to proxy data. Here we use a new network of 23 coral oxygen isotope (d 18 O) records to describe the spectrum of tropical SST in greater detail.
Data
[5] Coral records closely track tropical Indo-Pacific variability on interannual to decadal timescales [Urban et al., 2000; Cobb et al., 2001; Linsley et al., 2008] . In warmer and/or lower salinity conditions (e.g., from precipitation or freshwater flux), corals incorporate less of the heavy isotope of oxygen ( 18 O and both precipitation amount and SST in tropical locales allows SST reconstructions spanning several centuries (as summarized by Cole [2003] and Lough [2004] ). On interannual timescales, researchers have demonstrated that large-scale patterns of tropical SST covariability (e.g., ENSO) can be reliably reconstructed from a limited number of records [Evans et al., 2002; Wilson et al., 2006] . On decadal timescales, low signal to noise ratios present greater challenges to pattern identification [Lough, 2004; Linsley et al., 2008] , but analysis of a network of sites can expose common patterns. We use this coral network-based approach to identify largescale patterns of decadal variability that emerge from proxy and instrumental records.
[6] We use 23 coral d
18
O records from the Indian and Pacific Oceans in our synthesis (Table S1 of the auxiliary material), including only sites with !90% of the 1850-1990 interval to minimize non-stationarity. 1 We converted each subannually-resolved time series into a yearly average using the May-April year to emphasize the seasonal expression of El Niño/La Niña conditions [Rasmusson and Carpenter, 1982] . We made no adjustments to existing annual records. Because many coral records have trends that do not unequivocally reflect climate [see Lough, 2004] , we detrended all annualized records using a spline to remove !50% of the variance at periods !100 years. Detrending did not alter the spectrum of any individual record at the timescales discussed here. We performed a parallel analysis on instrumental SST anomalies for in the Pacific and Indian Oceans (5 Â 5 resolution) and on an index of central Pacific SST anomalies (NINO3.4) [Kaplan et al., 1998 ], using the same May-April year.
Methods
[7] To assess network-wide patterns of spatiotemporal variability, we performed principal component analysis (PCA) on the annualized, detrended d 18 O time series using the correlation matrix. We apply the same analysis to instrumental SST records from the location of each coral record. We determined the spatial expression of each principal component time series (PC) by correlating it with each of the annualized, detrended coral records and with the gridded SST dataset. We established confidence limits for the leading eigenmodes using a Monte Carlo (rule N) significance test [Preisendorfer et al., 1988] modified for autocorrelation.
[8] To detect patterns of low-frequency variability in the leading principal component (PC1) and in individual d
18 O records, we applied two complementary methods of spectral analysis: the multi-taper method (MTM) [Thomson, 1982] and singular spectrum analysis (SSA) [Ghil et al., 2002] . We used a Monte Carlo approach to test the significance of each signal identified by MTM and SSA against a red-noise null hypothesis [Ghil et al., 2002] .
[9] We applied SSA to PC1 and identified significant decadal variability. Next we used SSA to extract decadal (8-15 year) components, where present, from each of the d 18 O and SST series. Finally, we correlated the decadal d
18
O and SST fields with the decadal component derived from the PCA. To assess the significance of correlations between reconstructed decadal components from SSA, we estimate the effective degrees of freedom by 2*N/M, where N is the length of the time series and M is the SSA window length, which yields 19 effective degrees of freedom in the filtered coral records and 12 degrees of freedom in the filtered SST records. Effective degrees of freedom for non-zero lags are estimated by N/M (9.4 for d 18 O, 6 for SST). The 95% confidence limits obtained using this approach were slightly more conservative than those derived from a Monte Carlo approach.
Results
[10] Results of PCA are shown in Figure 1 . PC1 correlates significantly with the NINO3.4 index (r = À0.71; p < 0.001). Spatially, PC1 correlates with annual SST anomalies in approximately the canonical ENSO pattern. Individual coral records correlate with PC1 according to their location with respect to the canonical ENSO pattern (Figure 1c) .
[11] In addition to interannual variance associated with ENSO, spectral analysis suggests the importance of decadal variability in PC1 ( Figure S1 ). Monte Carlo SSA (Table 1) identifies a significant decadal (9 -14 yr) component that explains 36% of the variance in PC1 (Figure 2 ). Seasonal analysis of the high-resolution records ( Figure S3 ) identifies the boreal winter and fall (SON and DJF) as the times of greatest amplitude in this signal. PCA performed on the SST records from the individual coral sites reveals this same signal (results not shown).
[12] The decadal component appears stronger from 1850 -1920 than from 1920 -1990 . To test this observation, we partitioned PC1 into two time series of near-equal length (1850 -1920 and 1921-1990) and applied SSA to each interval. From 1850 -1920 the decadal signal is significant at the 95% confidence level and explains 51% of the variance; after $1920, it explains 11% of the variance and is not significant (Table 1) . Singular values corresponding to the decadal components are larger during the earlier interval ( Table 1 ), meaning that the absolute strength of the signal is greater from 1850-1920 than from 1921 -1990 . Wavelet analysis of PC1 and other long ENSO indices (e.g., the SOI) confirms that the earlier interval experiences enhanced decadal variability ( Figure S2 ).
[13] Decadal components from 11 out of 23 sites correlate significantly (P adj < 0.05) with the PC1 decadal signal (Figure 2d and Table S1 ). Positive correlations occur in the equatorial Pacific and Indian Ocean; negative values occur primarily in the south Pacific, Indonesia, and eastern Indian Ocean. The decadal component from PC1 correlates negatively with decadal SST from much of the tropical Indo-Pacific, and positively with decadal SST from the extra-tropical Pacific (Figure 2d, colors) . Overall, the spatial pattern of correlation with PC1 is similar for both SST and d
18
O records, across interannual and decadal time scales. However, the decadal pattern is displaced to the west of the canonical ENSO pattern and lacks power in the eastern equatorial and subtropical Pacific. We do not find evidence for propagation of decadal (1850 -1920) Decadal (1 -2)** 9 -10yr 51.2% (0.26) 3 -6yr 9.42% (0.11) PC1 (1921 -1990) Decadal (3 -4) $14yr 10.9% (0.08) ENSO (1 -2)** 5 -6yr 31.5% (0.27) NINO3. 4 (1857 -1990) ENSO ( signals. Instead, maximum correlations occur within a oneyear lag (Table S1 ), within the age uncertainty of most coral records.
[14] Age model uncertainties in the proxy data, detrending and PCA choices (e.g., between correlation and covariance matrix) made little or no difference in the spatial pattern or time series of the decadal signal. However, age model errors are likely to be cumulative further back in time and hence may blur interannual signals while retaining long-period variance. Additional Monte Carlo analysis suggests that this effect could damp high frequency components earlier in time, but it is inconsistent with the late 19th enhancement of decadal variability. First, the corals show changes in absolute magnitude of the decadal signal; age model error could attenuate signals, especially at higher frequencies, but it cannot enhance variance. Second, most individual records that contain the PC1 decadal signal also exhibit intensification earlier in time (Table 1) ; age model-related damping should operate strongly only when records are combined. Finally, instrumental records, which are not subject to agemodel errors, show the same pattern.
Discussion
[15] We show that the 9 -14 year signal in corals is highly significant during the 19th century and is present (weakly) during the 20th. We therefore argue that tropical decadal variability is more important than inferred from 20th century instrumental records alone. The spatial and temporal similarities of the decadal signal to the 2 -7 year ENSO component suggest that the physical mechanisms may also be similar.
[16] Comparing decadal statistics of PC1 with the NINO3.4 index highlights an important contrast between our results and instrumental estimates of tropical decadal variability. Overall, decadal variability only accounts for 11% of the total variance in the NINO3.4 SST series whereas in PC1 from the coral network, it makes up 36% of the total variance. This discrepancy likely reflects the importance of the decadal component over time and is not a bias of the geographic distribution of corals, as the network of SST records also exhibit this pattern with an enhanced (albeit slightly) decadal component during the late 19th century.
[17] We interpret the enhanced decadal variability seen in the coral network and the NINO3.4 region as evidence of greater ENSO-like tropical decadal variability during the late 19th century, when instrumental data are sparse. Further support comes from the Maiana Atoll [Urban et al., 2000] and Jarvis Island records, which are located within the NINO3.4 region and show a clear intensification of decadal variability during the late 19th century. The strong DJF seasonality, spatial pattern, and correlation field with SST all support this interpretation. Finally, additive contributions of SST and salinity to coral d
18
O records could reinforce the decadal signal in corals when it was more energetic further back in time [Cole et al., 1993; Guilderson and Schrag, 1999; Urban et al., 2000; Linsley et al., 2008] .
[18] Any physical mechanism used to explain enhanced variance in the decadal pattern during the late 19th century must also explain the boreal winter enhancement, the roughly simultaneous evolution of the spatial pattern of SST anomalies, and the time-varying amplitude. We argue that solar forcing is unlikely to drive this decadal variability, because of the near-180°phase reversal between sunspot maxima and the decadal signal over the course of our record ( Figure S4 ). Between 1850 and 1900, sunspot number (SSN) maxima are approximately 180°out of phase with El Niño-like conditions in the network of corals, whereas at the end of the 20th century SSN maxima are in phase with El Niño-like conditions.
[19] Could random changes in the tropical Pacific oceanatmosphere system, combined with memory in the ocean mixed layer [e.g., Power and Colman, 2006; Newman et al., 2003 ] produce decadal ENSO-like variability? To test this null hypothesis, we use a stochastic linear model [Newman et al., 2003 ] to realize 1000 Monte Carlo time series with the same autocorrelative properties and relationship with ENSO as our PC1. The spectra of these realizations (Figure 3) suggest that we cannot rule out this null hypothesis of Figure 3 . Spectra of the PC1 time series from (top) 1850 -1990, (middle) 1850 -1920 and (bottom) 1921 -1990 . In each plot the red line shows the PC1 spectra for the given interval and the black line shows the NINO3.4 spectrum for the entire 1854 -1990 interval. The grey shading indicates the 99% confidence bounds from 1000 Monte Carlo realizations of a red noise time series with the same correlation with NINO3.4 and autocorrelative properties (AR(1)) as the PC1 time series [e.g., Newman et al., 2003] . decadal variability after 1920. However, between 1850 -1920 decadal variance in PC1 is outside the stochastic model's 99% confidence limit. This finding suggests that either additional processes may be needed to explain the strength of tropical decadal variability during the late 19th century [e.g., Luo and Yamagata, 2001; White et al., 2003] , or that changes in ENSO variability may be modified through ocean processes [e.g., Power and Colman, 2006] that intensify decadal variability at the edge of the ENSO system where many of the coral records are located. In either case, future work should focus on determining which mechanisms could exhibit such non-stationarity in decadal variance.
Conclusions
[20] We identify a strong decadal component of climate variability in a network of 23 coral d
18
O records from 1850 to 1990. This signal closely matches instrumental results from the 20th century [Tourre and White, 2006] and extends the record into a period of much stronger decadal variance in the 19th century. Seasonal analyses indicate that the decadal mode is stronger in boreal fall/winter than in spring/summer. In the coral network the spatial pattern of this mode is very similar to interannual ENSO variability. The correlation field of the decadal coral signal with decadal SST identifies the central Pacific as the center of action, and implies the pattern is displaced to the west of the canonical ENSO pattern. Given the spatial pattern, seasonality, and strength of the signal, we infer that this decadal signal represents a fundamental timescale of ENSO variability, whose enhanced variance in the late 19th century remains to be explained.
